W avelength-division multiplexing (WDM) is the best technology currently available to handle the rapidly increasing demand for bandwidth in fiber-optical telecommunications networks. In a WDM wavelengthrouted network, end users communicate with one another using all-optical channels called lightpaths. Such lightpaths are used to support point-to-point connections and may span multiple fiber links. In the absence of wavelength translators, a lightpath must use the same wavelengths from origin to destination along each fiber span. Translators located at nodes permit wavelength translation within a lightpath. This investigation presents an empirical study comparing solutions that forbid translation with those that permit translation. For our 20 test problems, the extreme cases of no translation and translation at every node are solvable using CPLEX. For the more difficult intermediate cases, a special tabu search heuristic was developed. For those difficult cases, the tabu search procedure ran approximately 25 times faster than CPLEX using the default settings and in 78% of the problem instances found solutions that were as good as or better than those found by CPLEX.
Introduction
The latest technology being developed for high-speed telecommunications networks uses wavelength-division multiplexing (WDM) and optical switching. In these networks, a lightpath is a sequence of links from an origin to a destination along with the hardware needed to support traffic along this path. The capacity of a link in a WDM network corresponds to the number of wavelengths of light (called s) that the fiberterminating and node equipment comprising the link can support. A pair of lightpaths that share a common link must use different s on that link, but translators can be installed at nodes to switch s along a lightpath. Hence, a lightpath having translators at every node could use different s on each link.
In addition to the routing and wavelength-assignment issues, network designers must also consider network reliability. A network is said to be survivable if backup lightpaths are available for restoration after a single link failure. In this investigation each lightpath has a backup lightpath to provide protection. This strategy is known as 1 + 1 protection.
The problem of selecting lightpaths and assigning wavelengths for each link to meet a set of point-topoint demands is called the routing and wavelengthassignment problem (RWA) (Zang et al. 2000) . This problem comes in two versions: One that permits wavelength translation and one that does not. For the version where wavelength translation is permitted, there are two cases to consider. One case permits translation at every node, and the other permits translation only at a proper subset of the nodes. A design that requires the same wavelength assignment from origin to destination is said to satisfy the wavelength-continuity constraint (Banerjee and Mukherjee 1996) . In a previous investigation (Kennington et al. 2003b ) an optimization model and heuristic for the version without wavelength translation was developed. This investigation presents models and solution procedures for the case in which translation is permitted.
Survey of the Literature
In addition to whether or not wavelength translation is permitted, different assumptions about the nature of the connection requests (point-to-point demands) in the WDM literature give rise to a variety of RWA problems. Our investigation is for the so-called staticdemand case. We address a planning problem where the connection requests are known with certainty at the time the network is planned, and one seeks to determine a routing and assignment of wavelengths to minimize or maximize some objective function (metric) measuring the quality of the assignments. Issues concerning uncertain demand forecasts have been addressed in other contexts via the use of robust optimization (Birkan et al. 2002 , Kennington et al. 2003a but are not part of this investigation. Situations in which demands for an existing network arrive over time according to some stochastic process are viewed as operational problems. Simple heuristics such as first-fit, least-used, least-loaded, and max wave assignment have been investigated for this case (Harai et al. 1997 , Subramaniam et al. 1996 , Zang et al. 2000 .
For the static-demand case, congestion, number of s required, and cost are typical metrics for minimization models. Zang et al. (2000) give an excellent survey of a variety of wavelength-assignment and routing problems in WDM networks. Since computational time is not critical, sophisticated optimization models can be employed to assist in the development of a good plan. Integer linear programming (ILP) models are popular in the literature, as they provide formal descriptions of the problems and help research groups develop effective solution procedures. In many cases, however, all but trivial instances of these ILPs are computationally difficult with current state-of-the-art software. Thus, heuristics are often developed to find solutions to problems of the size typically found in practice (Banerjee and Mukherjee 1996; Wuttisittikulkij and O'Mahony 1997a, b; Park et al. 1998; Van Caenegem et al. 1998) . Baroni et al. (1999) present a variety of ILPs that attempt to minimize the total number of fibers needed to meet demand for several different variations of RWA. They solved small problem instances to optimality and developed heuristics for larger problems. Ramamurthy and Mukherjee (1999) report computational results using CPLEX 4.0 to solve an arc-pathbased ILP that incorporates protection and attempts to minimize total capacity. They imposed a 12-hour CPU time limit and found that CPLEX was not able to produce provably optimal solutions for their model on a 15-node network in the time allowed. Doshi et al. (1999) developed heuristic methods for several problems that account for restoration and reported computational results for the largest problem that we have seen in the literature; it has 301 nodes, 449 links, and 372 demand pairs.
Objectives of the Investigation
Our main objective is to determine the potential benefit of wavelength translation. Most carriers provision their networks with translators at a subset of the nodes, but they have no data that compare their design with one that enforces the continuity constraint. Our investigation illustrates a three-step strategy for performing this trade-off analysis. First, we present new optimization models for the RWA problem that permit wavelength translation at a subset of the nodes in the network. Second, we develop a new heuristic to obtain solutions to the most difficult versions of these problems. Finally, we present an empirical analysis comparing the various models on a set of 20 test cases.
Models for Routing and Wavelength Assignment
In this section, we present our optimization models for the static-demand RWA problem. We present three different models corresponding to different assumptions about the wavelength-continuity constraint. Wavelength translation is permitted at every node in the network in the first model and not allowed at all in the second. The third model allows for so-called "partial translation" where translation is permitted, but only at specific nodes in the network. We require 100% restoration for any single link failure. We implement restoration in our models by using pre-computed backup paths that would be stored at both end nodes of every demand pair. An optical cycle for a given o-d demand pair consists of a pair of link-disjoint paths between o and d. In each optical cycle, one of the paths is for working traffic and the other is reserved as the backup or protection path in a 1 + 1 protection scheme. In the event of a failure in the working path, the protection path is used to restore service between the end nodes of the demand pair. Figures 6, 7, and 8 in Kennington et al. (2003b) illustrate how a set of link-disjoint cycles for a given o-d pair can be constructed by solving a sequence of shortest-path problems. Our models allow for demand splitting. That is, the r od s of demand between o and d may be routed over several optical cycles.
The optical networks in this study are composed of optical layered subnetworks that we refer to simply as subnetworks. For a given network G = N E with node set N and edge set E, a subnetwork is a two-connected subgraph G = N ⊆ N E ⊂ E . A sample network with three potential subnetworks is illustrated in Figures 1 and 2 . Although preferable, it may not always be possible to keep all traffic between a given o-d pair within a single subnetwork. For example, there is no subnetwork in Figure 2 containing both nodes n 2 and n 4 . So, traffic for the demand pair n 2 -n 4 would have to be routed over multiple subnetworks. Thus, devices such as photonic switches are needed to connect the subnetworks. Photonic switches allow a to be switched to another fiber, but they do not perform wavelength translation. Using the notation n . Every link in each subpath would use the same s, but the two subpaths could use different sets of s. Each of our optimization models begins with a set of potential subnetworks, photonic switches, optical cycles, and subpaths determined by the location of the translators, and selects a minimum-cost set of subnetworks, switches, optical cycles, and subpaths (i.e., a design) that satisfies as much demand as possible. The cost of a design in this model consists of two parts: A large penalty charge for each unit of unsatisfied demand and the construction cost for the subnetworks and photonic switches. The construction cost of a subnetwork (photonic switch) includes all capital expenses for hardware and software needed to create a subnetwork (photonic switch) with the required capacity to support the optical cycles and subpaths that are selected to route the demands. For this investigation, the potential design network as illustrated in Figure 3 is given as input. The details of how these design networks are constructed may be found in Kennington et al. (2003b) .
Definition of Sets
Let E and N denote the set of links and nodes in the network, respectively. Let W be the set of modular capacities, measured in number of s, for subnetworks and photonic switches. We use W = 4 8 16 20 40 80 for our empirical testing. A pointto-point demand between nodes o d ∈ N is denoted by o d and D denotes the set of all point-to-point demands.
The sets of potential subnetworks, photonic switches, and cycles are denoted by S, C and K, respectively. For the network illustrated in Figure 3 , S = 1 2 3 and C = 1 2 3 corresponding to the three subnetworks and three photonic switches. For the extreme cases of no-translation and translationeverywhere, a cycle for demand pair o d is viewed as a path that originates at o, contains d, and terminates at o. For the partial translation cases, a cycle for demand pair o d is composed of two or more subpaths. For each k ∈ K, P k denotes the set of paths (or subpaths) in cycle k. The union of all P k is denoted by P . That is, P = ∪ k∈K P k . For the no-translation and translation-everywhere cases, P = K and P k = 1 for all k ∈ K. We denote the set of paths (or subpaths) using photonic switch c ∈ C by L c . Let E s denote the set of links e ∈ E in subnetwork s, and let PE es denote the set of paths (or subpaths) in P using link e in subnetwork s. The set of optical cycles that may be used to satisfy demand o d ∈ D is denoted by K od . A pair of paths with at least one link in common are said to conflict. The set of pairs of paths (or subpaths) p q with conflicts is denoted by H .
We denote the construction cost for a subnetwork s ∈ S and of a photonic switch c ∈ C with capacity w by a sw and f cw , respectively. It is assumed that fiber strands for all links in E exist and are currently unused. Our models assign a penalty charge of B for each unit of unsatisfied demand. Since the maximum possible construction cost would come from a design in which every subnetwork and photonic switch used 80 s, we used a penalty cost of B = s∈S a s80 + c∈C f c80 + 1 in our empirical testing. This penalty is large enough so that any solution that satisfies all of the demand, regardless of the associated construction cost, is favored over all solutions that leave any of the demand unrouted.
Translation at Each Node
The simplest RWA model is for the case where wavelength translation is permitted at each node in the network. Thus, if the routing and wavelength assignment places w s on a particular link, we assume that these s are mapped to the range 1 w by the translators. The number of s assigned to path p is denoted by the integer variable 
x p is integer ∀p ∈ P (8)
The objective function (1) minimizes the construction cost for satisfying demand. The first set of constraints (2) ensure demand satisfaction. If it is not possible to satisfy all the demand with the available paths, then unmet demand may be assigned to the u od variables at a high cost. Constraint sets (3) and (4) ensure that the subnetworks and switches selected have the appropriate size for the proposed routing and wavelength assignments. Constraint sets (5) and (6) force each subnetwork and switch to be of a single, modular size. Nonnegativity and integrality restrictions on the decision variables are enforced by constraint sets (7)- (10). Once the total number of wavelengths assigned to a link is known, the specific wavelengths are assigned consecutively.
No Translation
In this subsection, we describe how to modify the ILP in §2.2 from a model that permits wavelength translation at any point in the network to one in which wavelength translation is not allowed. A complete description of this model may be found in Kennington et al. (2003b) .
In addition to the decision variables defined previously, this model includes integer variables l p and h p , which denote the smallest and largest wavelengths assigned to path p. Thus, the x p wavelengths assigned to path p correspond to those in the interval l p h p . The midpoint of the interval l p h p is denoted by the continuous variable m p .
If p q ∈ H , then paths p and q have a conflict, which means that the intervals l p h p and l q h q may not overlap. For each pair p q ∈ H , we define a binary variable b pq where b pq = 1 if h p < l q and b pq = 0 if h q < l p . We also define continuous variables d
If wavelength translation is not allowed, then the subnetworks and photonic switches must be large enough to handle the largest wavelengths that are routed across them. Thus, we replace constraint sets (3) and (4) by the following set of constraints:
Along with replacing (3) and (4) with (11) and (12), we impose the following additional constraints to enforce the wavelength-continuity restriction:
In this model, we assign wavelength intervals to paths by enforcing constraint set (13). Constraints (14) determine the interval midpoints, and constraint set (15) determines the distance between intervals of pairs of conflicting paths. In order to enforce nonoverlapping intervals for paths that have a conflict, we impose constraint set (16). We ensure distinct wavelength assignment with constraint sets (17) and (18). Thus, the mixed-integer program (MIP) for the RWA model imposing the wavelength-continuity constraint may be described as minimizing (1) subject to (2), (5)- (18), and the following additional bounds and integrality restrictions:
Partial Translation
Let the integer variable X k denote the number of wavelengths assigned to cycle k ∈ K. The model for A Feasible Wavelength Assignment with Translation at Every Node partial translation views each optical cycle k ∈ K as consisting of a set of link-disjoint subpaths P k . Each subpath p ∈ P k is assigned an interval of X k wavelengths; however, a pair of subpaths p q ∈ P k need not use the same intervals (i.e., l p h p need not be the same as l q h q ). Thus, we can modify the MIP in §2.3 to allow for partial translation by the introduction of X k variables and the addition of the following constraints:
Constraints (25) ensure that the same number of wavelengths are assigned to each subpath p ∈ P k of optical cycle k. Since an optical cycle in the partialtranslation model may consist of more than one subpath, the demand satisfaction constraints (2) are replaced with
Thus, our MIP for the RWA model with partial translation may be described as minimizing (1) subject to (5)-(26).
To help illustrate these concepts, feasible wavelength assignments for demand pair n 2 n 6 using a single cycle are illustrated in Figures 4, 5, and 6. In Figure 4 , each link in the cycle uses a block of four wavelengths that differ from those on the previous link in both the working and protection paths. This is in contrast with the feasible assignment illustrated in Figure 6 , where the same wavelengths are used on each link in a subpath but differ on the four subpaths.
A Tabu Search Algorithm
Anderson et al. (1993) present an effective tabu search algorithm for the bandwidth packing problem, which is to decide which pairs of a given set of demands to route on an undercapacitiated telecommunications network. Each demand has an associated revenue value and the objective is to minimize the revenue lost from unrouted demand. We have adapted the tabu search presented by Anderson et al. (1993) for the RWA problem with partial translation described in §2.
Solution Representation and Evaluation
The solution space for the tabu search algorithm is represented by permutations of the set of demand pairs D. We evaluate a solution (permutation) by attempting to route and assign wavelengths to the demands one at a time in the order given by the permutation. Once a demand pair o d has been routed, we fix the associated X x l m, and h variables for the subpaths between o and d. We then attempt to route the next demand using the available unused s on its optical cycles. Thus, we obtain a feasible RWA solution by routing each demand subject to the availability of unassigned s on the links after all the previous demands have been routed and assigned s. In order to state the permutation-evaluation procedure more formally, we must first define some additional notation. (27) replacing the demand satisfaction constraints (25) and (26) with
and constraints (13) through (18) with the following constraints:
In addition, we add the following sets of constraints to fix some of the variables: 
is the second demand, and so forth. Our procedure for evaluating a permutation of the demands is described by the pseudo code in Figure 7 .
Note that we cannot guarantee that, even if we could evaluate all D ! permutations of the demands in the manner described above, we would find an optimal RWA solution. However, the results reported in §4 indicate that this method, embedded in a tabu search framework, can be an effective way to find highquality solutions in a modest amount of CPU time.
Move Mechanisms
Tabu search algorithms make the "best available move" at each iteration (Glover 1989) . Two types of elementary moves are proposed in Anderson et al. (1993) , each of which involves switching two elements in the permutation. A full 2-opt move considers all possible ways of exchanging two elements in a permutation, and a partial 2-opt move only considers switching the element in the first position with all other elements. A third move, called a cut, considers moving elements 1 through i behind elements i + 1 through D for all i ≤ D . The cut move is used to "diversify" the search.
Although the PTABU problems in our implementation of the tabu search are relatively trivial for a state-of-the-art MIP solver like CPLEX, the x, , h, m, d, b, y, z) be an optimal solution to PTABU(Dr, Kr, P r, Hr, P F,Ŷ ) and let COST(Ŷ ) be the objective function value.
Pseudocode for Evaluating a Permutation of the Demands permutation-evaluation procedure described above is computationally expensive. Therefore, the tabu search primarily uses partial 2-opt moves. This way, the algorithm can still move from any permutation to any other permutation, but only has to consider a linear number of the possible quadratic number of moves at each iteration. The tabu search starts with an initial permutation and applies partial 2-opt moves at each iteration. If after ten iterations there is no improvement in the best solution found so far, a cut move is made. If the cut move fails to produce an improved solution, then a full 2-opt move is employed. We restart the search with a new, random permutation of the demands whenever a full 2-opt move fails to find an improvement. This process is repeated for a maximum of 100 iterations.
The Tabu List
In a permutation-based tabu search, the tabu attributes are the positions in the permutation. If a partial 2-opt move swaps the demands in positions 1 and i, then it becomes tabu to switch the demand in position i with the demand in the first position for the next eight iterations. If a full 2-opt move swaps the demands in positions i and j of the permutation, then both positions are placed on the tabu list. After a cut move or a random restart, all moves are removed from the tabu list. Anderson et al. (1993) report that tabu list lengths in the range 7 15 worked well for the bandwidth packing problem. After some experimentation a list length of eight was found to give satisfactory results for our RWA problem instances.
Empirical Analysis
In this section, we present the results of our computational experiments with the optimization models described in §2 and the tabu search algorithm described in §3. We implemented the algorithm and models with version 9.10.27 of the AMPL modeling language (Fourer et al. 1993 ) and solved them with version 6.6.0 of the CPLEX mixed integer programming solver. Our test suite consisted of the 20 randomly generated problem instances described in Kennington et al. (2003b) . The problem characteristics may be found in Table 1 and the corresponding data files are available as an online supplement. A hard copy of all test problems is available in Kennington and Olinick (2000) . The problems named ATT01 through ATT05 all have the topology given in Figure 3 of Grover et al. (1991) , and EUR01 through EUR05 represent the European network illustrated in Figure 8 . Different problems within these classes have the same network structure, but different demand values r od and different cost values (a sw and f cw ).
The test runs reported in this paper were made on a Compaq DS20E AlphaServer system with dual alpha EV6.7 processors and 4 GB RAM. Using CPLEX, we solved each of the 20 test problems four times: Once with no translation, then with full translation (i.e., translation everywhere) and twice with partial translation. We gave CPLEX a time limit of eight hours of CPU time and a memory limit of 1 GB for the branchand-bound tree for each problem.
We also solved the partial translation versions of each of the problems with the tabu search algorithm. We used the no-translation solution to derive an initial permutation of the demands for the partialtranslation runs. That is, the demands were sorted in Table 1 Problem Characteristics nondecreasing order according to the lowest wavelengths they were assigned in the no-translation solution. Tables 2 and 3 give the characteristics of the MIPs for the problems with no translation and with translation at every node. Table 4 gives a summary of the results comparing the model with no translation and the model with translation at every node. For the model with no translation, CPLEX obtained provably optimal solutions to only the three smallest problems. For the other seventeen problems, CPLEX either ran out A01  267  131  106  30  A02  249  123  102  30  A03  257  127  104  30  J01  511  244  162  38  J02  1179  582  315  60  J03-J06  444  213  148  34  J07  444  213  151  31  ATT01-ATT03  651  298  197  44  ATT04  651  298  198  43  ATT05  651  298  197  44  EUR01  658  296  197  40  EUR02  658  296  201  36  EUR03  658  296  197  40  EUR04  658  296  198  39  EUR05  658  296  107  40 of memory for the branch-and-bound tree or CPU time before finding a provably optimal solution. With translation at every node, however, CPLEX solved all of the problems to optimality. Since these problems are relatively small, CPLEX was able to solve each of them in less than two seconds of CPU time.
No Translation vs. Translation at Every Node
One of two metrics is used to measure the quality of a solution. If solutions routing all the demand were obtained with both models, then the cost reduction Table 3 MIP Characteristics for Wavelength Translation at Every Node Note. Optimal solutions were obtained for all problems using wavelength translation in less than two seconds per problem.
is reported. If at least one solution failed to satisfy 100% of the demand, then the increase in demand satisfaction is reported. For every test problem, one of the metrics will be blank. When wavelength translation was not allowed, CPLEX was able to find a solution that satisfied all the demand in 11 of the 20 problems. In all of these cases, allowing for wavelength translation at every node led to a solution that significantly reduced construction cost. In one of the other nine problems, J01, full wavelength translation allowed us to find a solution that satisfied all of the demand. In three others, J02, ATT01, and EUR01, we found that placing translators at every node allowed us to route an additional amount of the demand over the solution with no translation. In the remaining five cases, ATT03 and EUR02-EUR05, we found that translators did not lead to solutions with greater demand satisfaction.
In Group 1, an average of 93.47% of the demand was routed without translators. Using wavelength translation led to an average improvement in cost savings of 16.26% and allowed us to route an average of 93.93% of the demand. CPLEX was able to route all of the demand without using translators for the problems in Group 2. Using full wavelength translation led to an average cost savings of 16.22% in this group. The solutions without translators in Groups 3 and 4 satisfied an average of 97.71% and 87.81% of the demand, respectively. With translation available at every node, 97.84% of the demand was satisfied in Group 3 and 89.14% in Group 4. Allowing translation at all nodes yielded an average cost reduction of 26.56% and a 1.33% increase in demand satisfaction for Group 3.
On average, CPLEX was able to route 94.75% of the demand when no wavelength translation was allowed and 95.23% when translation was allowed at every node. The average cost reduction obtained by allowing translation at every node was 19.96%. Thus, our results indicate that one can expect modest improvements in demand satisfaction and significant savings in construction cost from full wavelength translation.
Partial Translation at the Switches
The MIP characteristics for the 20 test problems using the model where wavelength translation is only allowed at the switches are given in Table 5 . These models proved considerably harder for CPLEX to solve; optimal solutions were found for only two of them. CPLEX ran for the full eight hours of CPU time without finding a provably-optimal solution in seven of the other problems and exceeded the memory restriction in the other 11. The results for this model are presented in Table 6 ; note that the cost-reduction and demand-change percentages are with respect to the no-translation solutions reported in Table 4 . However, since CPLEX usually terminated prior to achieving optimality, many of the solutions reported in Table 6 are actually worse than the solutions found when no wavelength translation was allowed. The tabu search results for this model (see Table 7 ) were better than the CPLEX results for the these cases. Using translation at the switches, the tabu search found solutions that dominated the no-translation solutions in six instances: J01, J02, J05, ATT04, EUR01, and EUR05. For problems A01, A02, A03, ATT05, EUR03, and EUR04, the tabu search solution was the same as the no-translation solution. In the remaining cases, the tabu search solution routed less of the demand than the no-translation solution. On average, the tabu search algorithm took 1610.37 seconds of CPU time and routed 92.55% of the demand when translation was allowed at the switches. Note that in Table 7 the cost-reduction and demand-change percentages are with respect to the no-translation solutions reported in Table 4 .
Partial Translation on the Protection Path
The MIP characteristics for the 20 test problems using the model where wavelength translation is only allowed for the protection path are given in Table 8 . That is, P k = 2 in (25) for every k ∈ K. As with the MIPs for translation at the switches, these models proved considerably harder for CPLEX to solve than the model with translation available at every node. The results for these runs are summarized in A01  414  206  121  60  A02  401  200  118  60  A03  401  200  118  60  J01  924  451  237  76  J02  2385  1168  563  120  J03  775  372  202  68  J04  775  372  202  68  J05  775  372  202  68  J06  775  372  202  68  J07  775  372  208  62  ATT01  1133  532  281  88  ATT02  1133  532  281  88  ATT03  1133  532  281  88  ATT04  1133  532  283  86  ATT05  1133  532  281  88  EUR01  1260  570  304  80  EUR02  1260  570  312  72  EUR03  1260  570  304  80  EUR04  1260  570  306  78  EUR05  1260  570  304  80   Table 9 . Only two were solved to optimality. CPLEX ran for the full eight hours of CPU time without finding a provably optimal solution in 13 of the other problems, and ran out of memory in the other five. Again, since most of these CPLEX runs were terminated before an optimal solution was found, many of the solutions reported in Table 9 are worse than the solutions found when no wavelength translation was allowed. Note that in Table 9 , the cost-reduction and demand-change percentages are with respect to the no-translation solutions reported in Table 4 . The solution using translation for the protection path dominated the one using no translation in five cases: A02, J01, ATT01, ATT02, and ATT03. On average, 92.58% of the demand was routed when translation was allowed on the protection path. This is worse than the average of 94.75% with no translation, but better than the average for translation at the switches. For problem J01, 98.59% of the demand was routed when no wavelength translation was allowed. With translation on the protection path, CPLEX was able to find a solution that satisfied all of the demand. There were ten instances in which the same amount of demand was routed using translation at the switches as was routed with no translation: A01, A02, A03, J03-J07, ATT02, and ATT05. The solutions using translation at the switches were on average more costly than ones with no translation for this group of problems. In the remaining cases, a greater percentage of the demand was routed with no translation.
The tabu search results for this model are illustrated in Table 10 ; note that the cost-reduction and demand-change percentages are with respect to the no-translation solutions reported in Table 4 . Using translation at the protection path, the tabu search found solutions that were identical to or dominated the no-translation solutions in all but one instance, EUR01. On average, the tabu search solutions routed 95.17% of the demand (an improvement over the 94.75% average for no translation) and required approximately 17 minutes, compared to more than six hours for the no-translation runs.
Comparison of MIPs
As shown in our empirical analysis, the model allowing for translation at every node is almost trivial to solve compared to any of the cases where translation is limited or not allowed. The MIPs for the model with full translation were relatively small; on average they had about 60 constraints, 16 continuous variables, 72 binary variables, and 19 integer variables. The problem with translation at every node reduces to a simple routing problem as contrasted to the other models that must determine both a routing and an assignment of wavelengths to the routing. Table 11 gives a comparison of the relative sizes of the four MIP models. From this table, we can see that in comparison to the model with full translation, the MIPs for the model with no wavelength translation had about seven times as many constraints, twice as many binary variables, and 1.5 times as many integer variables. Although these MIPs are significantly larger, they are still computationally viable in the sense that we were able to find high-quality solutions to them within the CPU time and memory limitations by a straightforward application of CPLEX. Table 11 gives some insight into why the models allowing for partial translation are not computationally viable. The constraints and additional variables required to model wavelength conflicts result in extremely difficult combinatorial models. In addition to a significantly larger number of constraints, these models require three to almost five times as many binary variables and four to five times as many integer variables than the model with full wavelength translation.
Summary and Conclusions
A series of WDM routing and wavelength-assignment models can be constructed as a function of the amount of wavelength translation permitted. The two extremes are to prohibit translation at any node and to permit translation at every node. Between these extremes, wavelength translation can be permitted at only a subset of nodes. In our empirical analysis, we found that the extreme cases are computationally viable using CPLEX with default settings but that the intermediate ones are not.
Our empirical investigation has shown that allowing wavelength translation at every node in the network can provide a significant improvement over a design enforcing the wavelength-continuity constraint. We found that the model allowing for wavelength translation at every node is trivial to solve and that the no-translation model is computationally viable. However, since the no-translation model is quite difficult, most users will prefer to use a heuristic. We developed a tabu search heuristic that worked very well for these difficult design problems. The CPLEX optimizer is still used to solve subproblems within the tabu search framework, but the subproblems are relatively easy to solve.
Since the two extreme cases are computationally viable, they could be incorporated into commercial network-planning software. Our tabu search heuristic could be used for the intermediate cases. Such software would provide network designers with a tool that could determine the optimal amount of improvement achievable via the use of wavelength translation. In our test suite, we found that allowing translation 
